The tilted (tlt) mouse carries a recessive mutation causing vestibular dysfunction. The defect in tlt homozygous mice is limited to the utricle and saccule of the inner ear, which completely lack otoconia. Genetic mapping of tlt placed it in a region orthologous with human 4p16.3-p15 that contains two loci, DFNA6 and DFNA14, responsible for autosomal dominant, nonsyndromic hereditary hearing impairment. To identify a possible relationship between tlt in mice and DFNA6 and DFNA14 in humans, we have refined the mouse genetic map, assembled a BAC contig spanning the tlt locus, and developed a comprehensive comparative map between mouse and human. We have determined the position of tlt relative to 17 mouse chromosome 5 genes with orthologous loci in the human 4p16.3-p15 region. This analysis identified an inversion between the mouse and human genomes that places tlt and DFNA6/14 in close proximity.
INTRODUCTION
Mice homozygous for the tilted mutation (tlt/tlt) display behavior consistent with vestibular dysfunction and can be identified by observing their inability to swim [1] [2] [3] . Histological analysis of the inner ears of tlt/tlt mice revealed a unique phenotype in which the utricle and saccule are specifically devoid of otoconia [3] . The tlt mutation is unusual in its specificity in that it is highly penetrant and there is no degeneration of inner ear structures, no detectable hearing impairment, and no apparent phenotype in other organ systems [3] . The tlt mutation has been mapped to a 1.5-cM genetic interval on mouse chromosome 5 between D5Mit421 and D5Mit353/D5Mit128/D5Mit267/D5Mit266 [4] . This refined linkage map is based on a large, intersubspecific F 2 intercross between C57BL6/J-tlt and Mus musculus castaneus. The fibroblast growth factor receptor-3 gene (Fgfr3) and Huntington's disease gene (Hdh) colocalize 4.3 cM centromeric to tlt and have been excluded as candidates for the mutation [4] . Another vestibular system mutant (cappuccino, cno) has been mapped to proximal Chr5 [5] . The cno mouse is a model of Hermansky-Pudlak syndrome, characterized by autosomal recessive inheritance, oculocutaneous albinism, Physical Mapping of the Mouse Tilted Locus Identifies an Association between Human Deafness Loci DFNA6/ 14 and Vestibular System Development prolonged bleeding, and abnormal lysosomal enzyme levels. Approximately 75% of cno/cno mice show abnormal posture and balance reflexes indicating vestibular dysfunction. The cno mutation maps to a 0.9-cM interval between markers D5Ertd521e and D5Mit230 near the tlt locus, raising the possibility of allelism between the two loci. Mouse Chr5 shows large regions of syntenic conservation with human Chr7 and Chr4. Other human chromosomes with regions orthologous to mouse Chr5 include chromosomes 1, 2, 12, 13, 14, 18, and 22 [6] . Our previous mapping study suggested that the human orthologue of tlt maps to 4p16.3-p15 on the short arm of Chr4, within a region orthologous between mouse Chr5 (19 cM to 57 cM) and human Chr4 (4p16 to 4q21). The short arm of Chr4 is an extremely well-characterized region of the human genome. Therefore, mouse-human comparative mapping in the vicinity of the tlt locus should help to identify candidate genes for the tlt mutation. In addition to the recently established draft sequence assembly of the human genome (http://genome.ucsc.edu), 4p16.3-p15 mapping resources include a dense radiation hybrid map, high-resolution BAC and YAC STS-content maps (Stanford Human Genome Center, SHGC, http://wwwshgc.stanford.edu), and several physical and genetic maps 
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NM_001775 NT_022858 Cd38 NM_007646 5 (28 cM) L-gct cag aag tag agg taa gc 141 CD38 antigen (r, l) R-gac atg ttt gct act tat gc generated during the cloning of human genetic disease genes linked to this region, such as Huntington disease (HD) [7] [8] [9] , Wolfram syndrome (WFS1) [10, 11] , and Ellias-van Creveland skeletal dysplasia syndrome (EVC) [12] . Some genes in the 4p region have been implicated in hereditary hearing loss. Partial deletion of the distal 4p region causes Wolf-Hirschhorn syndrome (WHS), characterized by severe growth retardation, microcephaly, closure defects (cleft lip or palate, coloboma of the eye, and cardiac septal defects), and sensorineural hearing loss [13] . A substantial incidence of sensorineural hearing loss has also been associated with mutations in IDUA (Hurler/Scheie syndrome, mucopolysaccaridosis type I) [14] , FGFR3 (achondroplasia) [15] , and WFS1. DFNA6 and DFNA14, two loci for autosomal dominant, nonsyndromic hereditary hearing impairment, also map to 4p16.3 [16] . The DFNA6 candidate region is the 1.7-Mb interval from D4S412 to D4S432. DFNA6 is fully linked to D4S126, a genetic marker that is 520 kb distal from the 3' end of HD [17] . The candidate interval containing DFNA14 is within a 5.6-cM region between D4S3023 and D4S3007 [18] .
Here we present a high-resolution, human-mouse comparative map surrounding the tlt locus. We selected 17 mouse Chr5 genes with orthologous loci in the human 4p16.3-p15 region from publicly available databases and mapped them relative to tlt in our intersubspecific F 2 intercross between C57BL6/J-tlt and M. m. castaneus. We report the mouse chromosomal localization of genes encoding syntaxin-18 (Stx18), prominin (Prom), heparin binding protein-17 (Fgfbp1), F-box protein-5 (Fbxl5), cytokine-dependent hematopoietic cell linker (Clnk), facilitative glucose transporter-9 (Glut9), WD40 protein-1 (Wdr1), and the Ellis-van Creveld syndrome gene (Evc). This high-resolution genetic map currently encompasses 38 markers within the 7.6-cM interval between D5Mit268 and D5Mit231, including 21 SSLP markers and 17 known genes. This genetic fine-mapping study has narrowed the tlt critical interval to 0.7 cM. A BAC-based physical map of ~ 900 kb that completely covers the tlt critical region was assembled. We mapped 23 STSs, 11 mouse ESTs, 1 human EST, and 7 known genes to the contig. The alignment of the available physical map of the human 4p16.3-p15 region and the mouse Chr5 genetic and physical maps demonstrates the presence of an inversion between the mouse and human genomes that juxtaposes the mouse tlt locus with the DFNA6/14 candidate region. This high-resolution, genetic, physical, and transcript map will facilitate the positional cloning of tlt.
RESULTS
Our previous linkage data suggested that the human orthologue of tlt maps to 4p16.3-p15, but the tlt mutation has only been mapped relative to mouse Chr5 microsatellite markers [4] . To increase the resolution of the linkage map and to identify potential candidate genes for tlt, we integrated the microsatellite-based map with mouse genes that have orthologous loci on the short arm of human Chr4. Anchor genes between the human and mouse maps were LRPAP1, D4S234E, MSX1, WFS1, CRMP1, DRD5, HS3ST1, BST1, and CD38 (Table  1) . These genes map to human 4p16.3-p15 and their mouse orthologues have been unambiguously assigned to Chr5 linkage groups. To further increase the density of orthologous markers in the region surrounding the tlt locus, we examined several fingerprint contigs from the draft sequence assembly of human Chr4 within the chromosomal range 3070746-16113816. Additional genes that were identified included STX18, EVC, SLC2A9, WDR1, MIST/CLNK, FBXL5, PROML1, and HBP17, none of which has been previously mapped in mouse. The ladder of selected genes through the 4p16.3-p15 region (Fig. 1A) has an average coverage of approximately 1 locus per 1.3 cM and spans the candidate intervals for the human hearing impairment loci DFNA6 and DFNA14.
To refine the genetic map in this region, the mouse RPCI-23 BAC library from the BACPAC Resource Center [19] screened with exon-specific oligonucleotides for each gene ( Table 1 ). The screening process yielded a total of 28 BACs that were clustered in eight contigs by PCR amplification of common sequences (Table 2 ). SSLP markers were identified or developed for each contig. Crmp1/Evc, Msx1/Lrpap1, and Wdr1 were integrated within the tlt linkage map through MIT markers D5Mit182, D5Mit421, and D5Mit77, respectively. We developed new SSLP markers for the haplotype analysis of the remaining genes (Table 2) . D5Dmo2, D5Dmo5, and D5Dmo7 are end-sequence derived STSs, whereas D5Dmo1, D5Dmo3, D5Dmo4, D5Dmo6, and Dmo8 were developed from internal dinucleotide repeats.
The tlt locus has been previously mapped within the 1.5-cM genetic interval between D5Mit421 and D5Mit353 [4] . Using the same F 2 intersubspecific intercross (C57BL6/J-tlt ϫ M. m. castaneus), we determined the segregation patterns of tlt and the SSLP markers. In the 972 meiosis analyzed, we detected 30 recombinant animals between D5Dmo1 and D5Dmo8 that flank the previously defined tlt critical interval (Table 3) . D5Mit77 and D5Dmo2-7 also mapped within the D5Dmo1 to D5Dmo8 interval. The haplotype analysis indicated that the minimal genetic interval containing tlt corresponds to a 0.7-cM region delineated by D5Dmo3 proximally (three crossovers) and D5Dmo5 distally (two crossovers). D5Dmo4 and D5Mit77 are linked to tlt with no recombination events in our F 2 intercross panel.
The high-resolution tlt linkage map (Fig. 1B ) spans 38 markers within the 7.6-cM region from D5Mit268 to D5Mit231, including the 17 genes that were integrated into the map through their associated SSLP markers. Genes that have been localized to this region include Prom, Fgfbp1, Fbxl5, Clnk, Glut9, Wdr1, Stx18, and Evc. The relative positions of several other genes, previously unresolved using The Jackson Laboratory (JAX) mapping panels, were also identified in our cross. For example, Crmp1, Msx1, and Nsg1 are linked in the BSS cross ((C57BL6/JEi ϫ SPRET/Ei)F 1 female ϫ SPRET/Ei male), whereas in our study they segregated over a 0.7-cM interval. D5Mit230, approximately 1 cM centromeric to tlt. This rules out allelism between these two loci. Comparison of the mouse Chr5 linkage map with the human Chr4 draft assembly ( Fig. 1) indicates that the chromosomal segment from Wfs1 to D4S234E/Nsg1 is relatively inverted between the two genomes.
We selected four contigs that spanned genetic markers tightly linked to tlt (D5Dmo3, D5Dmo4, D5Mit77, and D5Dmo5) as starting points for a bidirectional chromosome walk. To close gaps between the contigs and obtain a continuous physical map across the tlt locus, the BAC library was rescreened with end-sequence-derived probes. Initially, overlap between contigs was determined by amplification of the same STSs. Additional overlapping BACs were identified by integrating the contig in progress with the mouse BAC fingerprint map (Genome Sequence Center of the British Columbia Cancer Agency). The physical map from D5Dmo3 to D5Dmo5 joined three large fingerprint contigs in the following order: ctg759-ctg3928-ctg2753 (contig numbers shown on the 1 May 2001 release). Five representative clones from the assembled map (241E18, 426E16, 268D19, 115A12, and 456A21) provide a minimum tiling path through the tlt locus (Fig. 2) . Based on the available fingerprinting data, we estimate the size of the physical map from D5Dmo3 to D5Dmo5 as ~ 900 kb. We ordered 23 BAC end-sequence-derived STSs along the physical map with respect to one another and with respect to the genetic markers defining the tlt interval.
The transcriptional map for the tlt region was generated using two sources of data. The Database of Transcribed Sequences (DoTS) of the Computational Biology and Informatics Laboratory at the University of Pennsylvania (http://www.cbil.upenn.edu/mouse/chromosome5/) was searched for mouse Chr5 transcripts mapped to contigs ctg759, ctg3928, and ctg2753. A DoTS predicted transcript consists of assembled sets of ESTs (and other sequences). To increase reliability, only DoTS that cross-hybridized with less than five unrelated contigs were further studied. We mapped 10 DoTS to the physical map from D5Dmo3 to D5Dmo5 spanning the tlt locus (Table 4) . Three DoTS matched Glut9 and Nsg1 and the remaining seven DoTS showed no similarities to proteins in the nonredundant database. PCR primers were made from the sequence of all independent DoTS and PCR amplification was carried out on 20 representative BACs from the physical map (data not shown). A second source of gene predictions was drawn from the partial sequencing and annotation of three BACs from the physical map: 426E16 (acc. no. AC084071), 268D19 (acc. no. AC084070), and 376E18 (acc. no. AC084322). These sequence data were generated through the publicly funded NIH Mouse Genome Sequencing Network. Five transcriptional units and six ESTs were retrieved and/or predicted by running BLASTN and GENSCAN on the released draft genomic sequences (Table 4) . We next integrated the data from the PCR-based and the sequencing-based approaches into a single transcriptional map (Fig. 2) . One gene (Glut9) and 2 ESTs (AI643953 and AI429048) were independently identified by both approaches. The mapping of Nsg1, Drd5, Glut9, Wdr1, and Clnk within the tlt critical interval, D5Dmo3 to D5Dmo5, was in agreement with our genetic map. Lyar (encoding a cell growth regulating nucleolar protein) has been previously mapped to mouse Chr1 [20] . Here we localize Lyar within BAC 426E16. This BAC also includes the anonymous cDNA 2810021O14Rik (The RIKEN Genome Exploration Research Group Phase II Team and FANTOM Consortium, 2001). The assignment of both Lyar and 2810021O14Rik to the tlt transcriptional map was confirmed by direct PCR of overlapping BACs within the contig and by comparative genomic sequence analysis of the human Chr4 draft sequence. FLJ20425, the putative human orthologue for Lyar, and Hs.12845, a Unigene EST cluster matching 2810021O14Rik, were found within the orthologous region on human Chr4 (human genomic contig NT_006193; Fig. 1 ). In the integrated mouse map, 11 mouse ESTs and 1 human EST has been identified and ordered. None of these mouse ESTs have been identified in the human Chr4 draft sequence assembly (Table 4) . 
195
Article
DISCUSSION
The tlt mutant specifically lacks vestibular otoconia and consequently does not sense spatial orientation relative to the force of gravity [3] . The region of mouse Chr5 surrounding the tlt locus has been previously mapped by linkage and radiation hybrid analysis but only relative to a limited set of anonymous SSLP markers [4] . Here we have applied mouse-human comparative mapping in the vicinity of the tlt locus to identify potential candidate genes for the tlt mutation. Several human disease loci that cause hearing impairment have been assigned to the 4p16.3-p15 interval. DFNA6 is a locus for dominant nonsyndromic hereditary hearing impairment that maps to 4p16.3. In most patients, the onset of hearing loss is in the first or second decade of life, with a slow decline in the following decades. The process is bilateral, symmetrical, and only affects low and mid frequencies up to 2000 Hz [17] . DFNA14 is a novel locus with a phenotype similar to that of DFNA6 [18] . Phenotypic arguments point to the involvement of a single gene in DFNA6 and DFNA14. The audiometric characteristics of the American DFNA6 and the Dutch DFNA14 families are specific and very similar. Furthermore, postlingual progressive sensorineural hearing impairment starting in the low frequencies is very rare and these two families are the only ones that have been identified with this syndrome [18] . However, genetic analysis of the two families indicates very close but nonoverlapping candidate regions, suggesting two different genes (Fig. 1A) . Therefore, whether DFNA6 and DFNA14 involve the same gene remains an open question.
We have selected a framework of 17 human genes throughout the 4p16.3-p15 interval spanning the DFNA6 and DFNA14 candidate regions and determined the position of tlt relative to the same set of genes in mouse Chr5. The alignment of the available human 4p physical map and the high-resolution tlt linkage map demonstrates a relative inversion affecting several of the genes mapped in this study. In the mouse map, the distal breakpoint of the inversion lies within the tlt critical interval, between D5Dmo3 and D5Dmo4. The corresponding breakpoint in the human map overlaps the candidate interval for the hearing impairment locus DFNA14 (D4S3023 to D4S3007, Fig. 1A ). The inversion was confirmed and the distal boundary of the inverted segment was refined when the complete physical map of the tlt locus was assembled and annotated. The breakpoint lies between two genes, Lyar and Drd5, that are 5.7 Mb apart in human Chr4, but separated by only 85 kb in the mouse physical map (Fig. 2) . Based on these comparative mapping data, we propose that the tlt gene may be allelic with DFNA6/DFNA14.
With few exceptions, vestibular function seems to be intact in DFNA14 patients [21] and tinnitus and vestibular symptoms are uncommon in DFNA6 individuals. Conversely, tlt mice show vestibular dysfunction but no hearing impairment. However, mice are particularly sensitive to vestibular defects and display extreme behavior such as circling and head-bobbing if a vestibular abnormality is present [22] . In contrast, humans tend to optimize visual and proprioceptive clues to compensate for defective vestibular input [23] . Also, it has been shown that mutations in the same gene can result in a variety of phenotypes with different modes of inheritance. For example, mutations in the unconventional myosin-7 gene (MYO7A) result in at least three hearing disorders in humans: recessive Usher 1B (USH1B) syndrome, nonsyndromic recessive DFNB2, and nonsyndromic dominant DFNA11 [24] . USH1B is associated with congenital profound deafness, severe peripheral vestibular hypofunction, and prepuberal onset of retinitis pigmentosa [25] . In addition to profound deafness, some DFNB2 individuals show vestibular dysfunction [26] . DFNA11 has dominant inheritance and is associated with mild bilateral sensorineural hearing loss without vertigo or vestibular symptoms [27] . In contrast with USH1B, neither DFNB2 nor DFNA11 patients develop retinitis pigmentosa [24] . In mice, mutations in Myo7a are the etiology of the shaker-1 (sh1) phenotype. Myo7a sh1/sh1 mice manifest severe cochlear and vestibular dysfunction but no retinal defect [28] . The lack of retinal degeneration in Myo7a sh1/sh1 mice resembles human DFNB2 and DFNA11, in which retinal pathology has not been described. In addition to different mutations in MYO7A, there are also differences in expression patterns in the eye between mouse and human that may account for some of the observed phenotypic variability [28] . The USH1B/Myo7a sh1/sh1 paradigm illustrates how a species-specific pattern of gene expression and possible allelic variability may result in different phenotypes in mouse and human at an orthologous locus.
Otoconin-90 (OC90) is the predominant protein constituent of vestibular otoconia [29] . Oc90 has been cloned and in situ hybridization studies revealed that although the crystal-like structures of the otoconia are unique to the vestibular system, Oc90 is expressed in the nonsensory epithelium throughout the entire inner ear [30, 31] . Thus, a gene thought to be specific for only vestibular otoconia may have a role in auditory function as well. A spontaneous or engineered mutation in Oc90 will be required to test this hypothesis.
The generation of the tlt physical and transcriptional maps was greatly aided by the recent launching of several initiatives oriented towards the draft sequencing of the mouse genome. A valuable mapping tool is the fingerprint-based physical map of the mouse genome built by the Genome Sequence Center (Vancouver, BC). Three large contigs that partially overlap with the tlt critical region were identified, ordered, and oriented with respect to each other. Immediate benefits of integrating our original BAC clones with the mouse fingerprint map were an increase in the clone coverage of the tlt area and the identification of a dense ladder of BAC endsequence-derived STSs throughout the map. The availability of fingerprinting data also allowed us to estimate the minimum size of the physical map at about 900 kb. The mouse 
M. musculus
Chr5 annotation project carried out at CBIL aided the construction of the tlt transcriptional map. The major focus of this initiative is the assessment of functional information on genes and conserved nontranscribed elements within a 50-cM (~ 100 Mb) region in the proximal portion of mouse Chr5 (http://www.cbil.upenn.edu/mouse/chromosome5/). The project integrates existing mouse Chr5 genomic resources (for example, BAC fingerprint, RH, and genetic maps) with the Allgenes database (http://www.allgenes.org) that provides a comprehensive gene index for both human and mouse, using predicted transcribed sequences derived by assembling human and mouse EST and mRNA sequences (DoTS). DoTS were useful in building the transcriptional map and provide an estimation of the gene content of those areas of the physical map where genomic sequence is not currently available. The NIH Mouse BAC Sequencing Program has facilitated the construction of the gene-based map. Three clones from the tlt physical map (426E16, 268D19, and 376E18) have been draftsequenced under this initiative. The exon/intron structures of Lyar (10 exons), Drd5 (intronless), Wdr (15 exons), and 2810021O14Rik (5 exons) were deduced based on Gapped-BLASTN alignments (data not shown). For Glut9 a partial exon/intron structure that spanned 10 exons spread over 100 kb was identified. The genomic sequence and gene structural information is being used to develop new genetic markers to further narrow the position of tlt within the contig and to develop mutation screening tests to determine the nature of the mutation. The refinement of this physical map has positionally excluded 14 genes as candidates for tlt by a combination of linkage, physical, and comparative mapping strategies. Current candidates within the tlt critical interval are 2810021O14Rik, Drd5, Clnk, Nsg1, Lyar, Glut9, and Wdr1. 2810021O14Rik is an anonymous cDNA isolated from the M. musculus day 10/11 embryo RIKEN cDNA library [32] . Drd5 encodes the dopamine receptor-5 protein. Deregulation of the dopaminergic system has been linked with neuropsychiatric diseases (such as Parkinson's disease, Tourette syndrome, schizophrenia, and attention deficit hyperactive disorder), cardiovascular and renal diseases [33] . CLNK is a SLP-76-related adapter molecule selectively expressed in cytokine-stimulated hematopoietic cells. CLNK has been related to cross-talk mechanisms between cytokine receptors and immunoreceptor signaling and has a role in the signal transduction cascades of IgE-receptor-mediated mast cell degranulation [34] . Nsg1 encodes a Golgi-targeted, 21-kDa protein (p21) that is selectively expressed in the Golgi apparatus of neuroendocrine cells, olfactory epithelium, and differentiated male germ cells. It was suggested that p21 may have a role in the augmentation of respiratory activity associated with chemotaxis [35] . LYAR is a zinc-finger protein with three copies of nuclear localization signals that is expressed at very high levels in immature spermatocytes in testis, fetal liver, and fetal thymus. It has been proposed to function as a nucleolar oncoprotein to regulate cell growth based on the increased ability of fibroblasts overexpressing LYAR to form tumors in Foxn1 nu/nu mice [20] . GLUT9 is a member of the mammalian facilitative glucose transporter family [36] . GLUT9 mRNA is found primarily in kidney and liver, but is present at low levels in several other tissues. It is unknown whether GLUT9 is expressed in the inner ear at any developmental or adult stage, but other members of the family, GLUT1 and GLUT5, are associated with structural and functional maturation of mammalian inner ears. GLUT1 is involved in glucose regulation of energy metabolism in the marginal cells and vestibular dark cells, and in glucose transport between blood and perilymph [37] . GLUT5 is expressed by the basolateral plasma membrane of outer hair cells in a specific and punctate pattern after birth at a time that coincides with the structural maturation of the organ of Corti and maturation of auditory function [38] . Wdr1 may have a role in avian inner ear repair [39] . The predicted WDR1 protein contains nine WD40 repeats and is upregulated in the chick basilar papilla after acoustic trauma [39] . The Saccharomyces cerevisae and Physarum polycephalum WDR1 homologues are capable of binding actin, suggesting that vertebrate WDR1 may also function as an actin-binding protein.
Mutations in genes that encode actin-binding proteins are well-known causes of genetic deafness [24] . Further studies are in progress to determinate if any of these genes are involved in the tlt phenotype.
MATERIALS AND METHODS
Genetic cross. C57BL6/J-tlt mice were obtained from embryo stocks at The Jackson Laboratory and have been maintained on this background by sequentially mating tlt/tlt mice with wild-type C57BL6/J mice and in the F 2 generation intercrossing two tlt/+ siblings. An F 2 intersubspecific cross was established to map markers near the tlt locus. F 1 hybrid mice were generated by mating homozygous C57BL6/J-tlt mice with wild-type M. m. castaneus. The F 2 intercross mice were derived from mating pairs of F 1 heterozygous animals [4] . The resulting F 2 animals were assayed for the tlt phenotype using the swimming test [3] .
Genotype analysis. Genomic DNA from F 2 tlt/tlt progeny as well as the parental C57BL6/J-tlt and wild-type M. m. castaneus mice were prepared from dissected kidney following standard protocols [40] . [19] . Pairs of oligonucleotides were designed for each gene loci or STS and labeled with terminal transferase and Biotin-16-ddUTP using standard methods (Roche, Inc.). The membranes were hybridized with labeled oligonucleotide at 55ЊC for 2 h in 1ϫ hybridization buffer (25 mM Na 2 HPO 4 , 250 mM NaCl, 1 mM EDTA, 5% SDS). After washing in hybridization buffer (3 times; 15 min at 55ЊC), membranes were incubated with streptavidinalkaline phosphatase (SAAP, Roche, Inc.; 37ЊC for 30 min) and washed under the following conditions: one time in hybridization buffer (10 min at 37ЊC), three times in PBS/Tween (25 mM Na 2 HPO 4 , 250 mM NaCl, 0.1% Tween-20; 5 min at 37ЊC), and three times in 2.4 M DEA (Tropix; 5 min at 37ЊC). The membranes were STS development. Exon-specific pairs of oligonucleotides (Table 2) were designed based on the mouse gene sequence/structure when available (Bp3 [41] , Lrpap1 [42] , Msx1 [43] ). When the genomic sequence of the mouse gene was unknown, the primers were synthesized according to the human gene sequence (EVC [12] , PROML1 [44] , CRMP1 [45] , CD38 [46] , WFS1 [10] , DRD5 [47] , HBP17, acc. no. AF149412). The gene sequences of the remaining genes have not been published in mouse or human. For these genes, the primers were based on Gapped-BLASTN alignments of their cDNAs or available mouse ESTs with the genomic sequences spanning the corresponding human loci (Table 2) .
Each pair of primers was tested by PCR on C57BL6/J genomic DNA before being used to screen the BAC library. End-sequence-derived STSs were obtained by sequencing 2 g of template BAC DNA using ABI Big Dye terminator chemistry (PE Applied Biosystems, Foster City, CA). The sequencing program was 95ЊC for 5 min followed by 99 cycles of 95ЊC for 30 s, 55ЊC for 20 s, and 60ЊC for 4 min. Reactions were precipitated, resuspended in loading buffer, and run on ABI sequencers at the Washington University Protein and Nucleic Acid Chemistry Laboratory DNA sequencing facility. Sequences were extracted and manipulated with ABI software. The protocol for isolating microsatellite sequences from BAC clones was modified from that described elsewhere [4] .
Construction of the BAC contig.
A contig spanning the tlt locus was generated as follows: (1) initial hybridization screening with anchor markers closely linked to the tlt locus; (2) STS mapping; and (3) bidirectional chromosome walking using selected STSs generated from BAC ends. After a primary screen, positive clones were addressed, purchased, and analyzed by PCR for overlap and gene and STS content. The BAC library was rescreened with end probes of clones located at the outer edges of the contigs in progress until contigs were joined into a continous physical map. Clones with repetitive sequences at the insert ends that inhibited successful hybridizations were rejected for further analysis. The size of the contig was estimated by integrating our clones with the mouse BAC fingerprint map under construction at the Genome Sequence Center of the British Columbia Cancer Agency (http://www.bcgsc.bc.ca). Twenty-three BAC end sequences were identified by BLAST analysis of the draft sequence of RPCI-23 clones 426E16, 268D19, and 376E18 and used to design STSs markers spaced along the tlt physical map. The order of the STSs markers was determined by direct PCR amplification of 20 selected BACs throughout the contig (data not shown).
Software and databases.
Repetitive elements in the genomic sequences were identified and masked with RepeatMasker (http://ftp.genome. washington.edu/cgi-bin/RepeatMasker). The Gapped-BLAST program [48] was used to search the following databases: GenBank nonredundant (nr), Expressed Sequence Tag (dbest), Sequence Tagged Sites (dbsts), and unfinished High Throughput Genomic Sequences (htgs) (National Center for Biotechnology Information Databases (NCBI), http://www.ncbi.nlm.nih.gov/ Database/index.html). The human and mouse genomic sequences were annotated using the exon-prediction program GENESCAN [49] .
The human radiation hybrid and genetic mapping data consulted were those compiled on the composite map GeneMap'99 (http://www.ncbi.nlm.nih.gov/genemap99) and the Stanford Human Genome Center Radiation Hybrid server (SHGC, http//wwwshgc.stanford.edu/Rhindex.html). The human physical map of Chr4 is from the draft sequence assembly of the human genome (http://genome.ucsc.edu). The mouse Chr5 genetic and cytogenetic maps analyzed were from the Mouse Genome Informatics Database (MGI, The Jackson Laboratory, http://www.informatics.jax.org) or the mouse Chr5 radiation hybrid map, which includes previously analyzed SSLP and gene loci [50] , as well as more recently mapped ESTs from large genome centers (The Whitehead Mouse RH Database, The UK Mouse Genome Centre, Genoscope-CNS). The mouse BAC fingerprint map and BAC end-sequence database used during the construction of the physical map are from the Genome Sequence Center of the British Columbia Cancer Agency (Vancouver, BC, http://www.bcgsc.bc.ca) and the Institute for Genomic Research (Rockville, MD, http://www.tigr.org), respectively. The DoTS consulted to generate the transcriptional map of the tlt region is from the Computational Biology and Informatics Laboratory at the University of Pennsylvania (CBIL, http://www.cbil.upenn.edu/).
